Introduction
Cell fate is determined by networks of growth-regulatory pathways that exert integrated or additive effects upon each other, and critical downstream effectors. Tumor mutations, or virally encoded proteins, act as a program to disrupt such networks to elicit aberrant DNA replication that is uncoupled from powerful tumor suppressor mechanisms. Thus, DNA viral proteins and tumor cell mutations functionally converge in perturbing similar cellular pathways. Indeed, many of the critical tumor targets were first identified through the study of DNA viruses. p53 was first discovered as a cellular protein that interacted with SV40 Large T (LT) antigen (Lane and Crawford, 1979; Linzer and Levine, 1979) , E2F as a cellular factor that bound to the adenoviral E2 promoter following E1A expression (Kovesdi et al., 1987) and PI3-kinase as an activity associated with polyoma Middle T (MT) antigen (Kaplan et al., 1987) . Thus, viral proteins are novel tools with which to identify the critical cellular targets, or hubs, that act together to engender unscheduled replication.
Our knowledge of many of the critical cellular lesions that drive neoplastic transformation has prompted a major development in rational targeted molecular therapies (Sawyers, 2004) . For example, Herceptin is a recombinant monoclonal antibody that targets the ERBb2 (Her-2) growth factor receptor, which is amplified in over 20-30% of breast cancers (Yu and Hung, 2000) . However, over 65% of patients with ERBb2-overexpressing breast tumors fail to respond to Herceptin as a single agent (Vogel et al., 2002) , a resistance that has been linked to additional tumor cell mutations (Nagata et al., 2004) . Thus, just as cancer is not a disease of any single mutation, no single agent is likely to cure it. With the possible exception of the leukemias, therapies that target single oncogenes have been limited by pre-existing neoplastic mutations or drug-induced selection of resistant tumor cells (Sawyers, 2004) . The development of combination therapies that target the tumor cell program at multiple hubs, and/or cytolytic agents that trigger the rapid and specific death of tumor cells, is therefore, critical to overcome such shortcomings.
To these ends, the study of DNA viruses has much to contribute (O'Shea, 2005) . DNA viruses are a natural, and tractable, genetic 'system' in which to study the complex network dynamics that underlie aberrant cellular replication, perhaps one of the greatest challenges in contemporary cancer research. In addition, a precise knowledge of the cellular networks perturbed in the viral and tumor cell replication programs is crucial for the engineering of viral mutants that fail to replicate in normal cells but undergo selective lytic replication in tumor cells that complement the viral defect. Such selective oncolytic viral agents have many potential advantages, including the capability to be self-perpetuating, to kill tumors through regulated lytic death and to spread to distant micro-metastases (Chiocca, 2002; . In this review, I will discuss the similarities between the DNA virus and tumor cell programs with respect to the cellular pathways they each perturb and, as such, how DNA viral proteins can be used to reveal novel tumor targets and therapeutic modalities. In addition, I will describe how the application of systems biology to the study of DNA viruses could impact the development of both oncolytic viral agents and our knowledge of the complex networks deregulated in tumor cells, an understanding of which is critical for cancer therapy.
The teleology and functional convergence of the viral and tumor cell programs Both viruses and tumor cells encode a program that engenders a common end point: their limitless propagation. This is a manifestation of a number of pathologies that result from the coercion and disruption of integrated growth-regulatory networks. Some of the hallmarks of cancer shared by the majority of human tumors include: self-sufficiency in growth signals, insensitivity to growth-inhibitory signals, evasion of apoptosis, limitless replicative potential, sustained angiogenesis, defective DNA damage/repair pathways and tissue invasion/metastasis. For a comprehensive review, see Hanahan and Weinberg (2000) . Each of these traits is acquired through mutations, although the nature and chronological order in which such mutations arise may vary for different tumor types/stages. DNA viruses, which include adenovirus, human papillomavirus (HPV), Herpes virus, polyoma and SV40 infect quiescent cells, but due to their limited genetic capacity rely on the cellular DNA replication/ protein translation machinery for their propagation. Thus, one the of hallmarks of the small DNA viruses is that they express viral proteins that force infected quiescent cells into unscheduled S-phase entry, so that viral genomes are replicated concomitantly with host DNA. Many DNA viruses undergo lytic replication, ultimately resulting in the death of infected host cells. Therefore, at first it may seem counterintuitive that viruses encode early proteins which actually desensitize infected host cells to apoptosis. However, this most likely reflects the necessity of uncoupling evolutionarily linked tumor-suppressive mechanisms, such as apoptosis, which are triggered by cellular networks that are forced to drive unscheduled DNA replication (Lowe et al., 2004) . As obligate intracellular parasites, viruses have also evolved to replicate in host cells irrespective of an inhospitable cellular microenvironment. Since function often limits mechanisms, DNA viral proteins and tumor cell mutations converge in perturbing many of the same molecular players to execute their program of growth deregulation, examples of which I discuss below.
Self-sufficiency in growth signals
Commitment to cell growth and proliferation is normally determined by the ability to sense and respond to extracellular growth factor and nutrient signals in the microenvironment. However, both viruses and tumor cells subvert these control mechanisms to replicate even in the absence of such signals (Figures 1 and 2) . Deregulation of growth factor receptor signaling pathways is one of the most common oncogenic lesions in human cancer, liberating tumor cells from a dependency on extrinsic mitogenic signals and also normal tissue homeostatic mechanisms. Oncogenic lesions in the growth factor signaling pathway include activating mutations/overexpression of growth factor receptors or their downstream cellular transducers/effectors. In tumor cells, members of the EGFR family are often overexpressed (Yu and Hung, 2000) , which can elicit ligand-independent signaling and hyperactivation. Mutations in the downstream transducers of growth factor signaling are also common. For example, deregulated Ras-Raf-ERK/PI3-kinase-PTEN-PKB-mTOR signaling can also supplant the requirement for extrinsic growth factor stimulation (reviewed in Vivanco and Sawyers, 2002; Downward, 2003) . In addition to growth factors, nutrient signals are also necessary for normal cell growth and replication (Yen and Pardee, 1979) . mTOR, a kinase that regulates the translation of important growth-regulatory mRNAs, is a critical cellular node that integrates both the nutrient and growth factor signaling pathways (Fingar and Blenis, 2004) . Inherited mutations in TSC1/TSC2 or LKB-1 result in the cancer predisposition syndromes tuberous sclerosis and Peutz-Jeghers' disease, respectively, and are thought to result in constitutive mTOR activation even in the absence of nutrient/growth factor signals (Inoki et al., 2005) .
Viruses also render infected primary cells autonomous for the presence of extracellular nutrient/growth factor signals. For example, bovine papillomavirus E5 activates the PDGF growth factor receptor in a novel way, by binding to its transmembrane domain (see FreemanCook and DiMaio, 2005) . Viruses also deregulate downstream transducers/effectors of growth factor signaling. Polyoma virus MT, adenovirus E4-ORF1, HTLV tax and CMV IE1/2 all activate PI3-kinase (Kaplan et al., 1987; Liu et al., 2001; Yu and Alwine, 2002; Frese et al., 2003) . Recently, viral proteins that mimic nutrient signaling to activate mTOR-mediated translation have also been identified. Adenovirus E4-ORF4 mimics glucose signaling to activate mTOR , while HPV 16 E6 degrades TSC2, constitutively activating mTOR even in the absence of nutrient/growth factor signals (Lu et al., 2004) . The herpes viruses also activate growth factor and mTOR protein translation pathways. HSV-1 and CMV stimulate the phosphorylation of the critical downstream target of mTOR, 4E-BP1, together with the ERK/p38 target mnk-1, which play a pivotal role in enhancing translation and driving viral replication in infected quiescent primary cells (Walsh and Mohr, 2004; Walsh et al., 2005) . This is discussed further by (Mohr, 2005) . Thus, there are many similarities between virally infected cells and tumor cells in that they both functionally perturb pathways that allow their replication to occur autonomously of extrinsic growth signals.
The RB tumor suppressor pathway and insensitivity to anti-growth signals One of the hallmarks of cancer and viral replication is deregulated cell-cycle entry. The RB family of tumor suppressor proteins (RB, p107, p130) are a hub for many of the growth and anti-growth signaling networks, and play a critical role in determining whether a cell will proliferate or not. RB is inactivated by a series of phosphorylation events, mediated by cyclin-dependent kinase (cdk) complexes that are activated and induced in response to mitogenic signals, such as growth factors (Trimarchi and Lees, 2002) . In contrast, the presence of TGFb is an anti-growth signal that can inhibit RB phosphorylation by inducing the expression of the cyclin : cdk inhibitor p15 (Hannon and Beach, 1994) . The cyclin : cdk inhibitors, p16, p27 and p21, also play a key role in gating cell-cycle entry, and are induced in response to diverse signals, including oncogenic and genotoxic stress (Figure 1) .
Disruption of the RB checkpoint, either directly or indirectly, is believed to be a requisite event for tumorigenisis. RB is a tumor suppressor that is absent or mutated in at least one-third of human tumors. Tumors with wild-type RB have almost invariably deregulated other components of the pathway (reviewed in Sherr and McCormick, 2002) . For example, loss of p16 functions, through mutations, promoter hypermethylation or epigenetic silencing (Kamb et al., 1994; Nobori et al., 1994) , or upregulation of cyclin/cdk expression, are frequent lesions.
Viruses also render infected cells resistant to antigrowth signals (Figure 2 ). Adenovirus E1A ablates the anti-growth functions of TGFb1 by downregulating the expression of its cellular receptor (TGFb1-RII) (Tarakanova and Wold, 2003) . Herpes virus 8 encodes a novel viral D type cyclin that binds to cdk6, which inactivates RB. However, in contrast to cellular cyclin D : cdk complexes, the viral cyclin : cdk complex cannot be inactivated by the p16/p21/p27 cell-cycle inhibitors (Swanton et al., 1997) . The RB checkpoint is a hub for targeted inactivation by disparate DNA viruses. Adenovirus E1A, SV40/polyoma LT, and HPV E7 proteins use a homologous LXCXE motif to bind to the pocket region of RB/p107/p130 and activate E2F, reviewed in (Helt and Galloway, 2003) . The LXCXE motif was first discovered through studies with E1A (Whyte et al., 1988) , but subsequently identified in cellular proteins, such as histone deacetylase (HDAC), which also binds to RB (Ferreira et al., 1998) . Thus, HDAC and E1A/ LT/E7 binding to RB is thought to be mutually exclusive. In addition to binding the RB family of tumor suppressors, E1A, LT and E7 also share another property, in that they all interact with histone acetyl transferases (HAT), such as p300 (Iyer et al., 2004) . Indeed, E1A binding to either p300 or RB is sufficient to drive quiescent cells into S phase (Howe et al., 1990) . Does this remarkable physical convergence of DNA viral proteins in binding to both RB and HATs reflect some distant shared ancestry, or is it because the functions of these proteins in perturbing cellular networks that regulate DNA replication limit the number of possibilities for their design, canalizing their evolution? The former explanation would seem unlikely as these viruses/viral proteins are otherwise highly divergent. However, the latter explanation suggests that tumor cells would also have to deregulate both the RB checkpoint and chromatin remodeling factors, an understanding of which could provide key insights for the development of therapies that prevent their replication.
'And death shall have no dominion' in the viral and tumor programs To achieve unchecked proliferation implies simultaneously avoiding premature and abortive cell death. In the evolution of multicellular organisms, apoptosis has been linked as an innate tumor suppressor mechanism to aberrant replication elicited by malfunctioning cellular networks. Uncoupling the apoptotic machinery from oncogenic replication is therefore a hallmark of both the tumor and viral programs.
Apoptosis, triggered by extrinsic and intrinsic signals, activates the cleavage of a cascade of intracellular proteases -known as caspases, which act as a module to execute the destruction of the cellular membrane, cytoplasmic blebbing and nuclear degradation (reviewed in Danial and Korsmeyer, 2004) . The extrinsic death pathway is activated through ligand binding to cellsurface death receptors such as Fas, Trail and TNF, which are apically bound to caspase 8 by their cytoplasmic tails (Peter and Krammer, 2003) . The intrinsic death pathway is the primary death pathway and is engaged by a diverse array of cellular stresses. This pathway is gated by the balance of a family of BH3-containing proteins, such as the ratio of proapoptotic Bax/Bak and antiapoptotic B-cell lymphoma 2 (BCL2)/BCL XL . Apoptosis occurs when the proapoptotic members dominate, which together form a channel that permeabilizes the mitochondrion, releasing cytochrome c and provoking caspase activation (Figure 1 ) (reviewed in Cory and Adams, 2002) .
Tumor cells acquire resistance to apoptosis through a variety of mechanisms. For example, in a large percentage of tumor cell lines, a decoy receptor for Fas ligand is upregulated, titrating it away from the Fas death receptor (Pitti et al., 1998) . BCL2 was first discovered as a chromosomal translocation to the immunoglobulin locus in follicular lymphoma (Tsujimoto et al., 1984) , which activates its constitutive expression, resulting in the inhibition of apoptosis. There is little doubt that one of the major mechanisms whereby tumor cells evade apoptosis is through inactivation of the p53 tumor suppressor pathway. p53 induces apoptosis through the transcriptional induction of downstream targets such as the proapoptotic Bcl2 members, including Puma, Noxa, Bid and Bax (Fridman and Lowe, 2003) , and may also act directly at the mitochondrion to release cytochrome c (Mihara et al., 2003) . p53 is a hub for a web of cellular networks that Figure 1 The integrated molecular circuitry of pivotal growth-regulatory pathways. Cell fate is determined by embedded networks of growth-regulatory pathways that exert integrated or additive effects upon each other, and critical downstream effectors. Some of the key pathways discussed in this review are represented, albeit in a redacted form. These pathways are highly integrated, but for clarity, growth factor signaling pathways are for the most part depicted in the upper left quadrant; the RB/p53 checkpoints in the lower left quadrant; apoptotic signaling pathways in the lower right quadrant and protein translation pathways to the upper right quadrant. Tumor cell mutations deregulate many of these pathways and cooperate to uncouple the cellular networks that elicit DNA replication from anti-growth signals, senescence and apoptosis
Viruses -seeking and destroying the tumor program CC O'Shea
Figure 2 DNA viruses-discovering the hubs and program for pleiotropic growth deregulation. DNA viruses encode a program of proteins that act within complex cellular networks to execute an orchestrated program of growth deregulation that is similar to that engendered in tumor cells by mutations. Thus, viruses and viral proteins are a natural system that can be exploited to discover the critical cellular hubs and the necessity of perturbing them in the context of a pleiotropic growth deregulation program. This knowledge has important applications both in the rational design of oncolytic viruses and the discovery of efficacious combination cancer therapies Viruses -seeking and destroying the tumor program CC O'Shea respond to stresses such as hypoxia, nutrient deprivation and DNA damage, incumbent signals in the incipient tumor. Oncogenes activate the p53 checkpoint through the induction of ARF, which prevents MDM2-mediated degradation of p53 (Lowe and Sherr, 2003) . Intriguingly, ARF is not expressed in normal proliferating tissues, but is selectively induced in aberrant cellular replication, although how such signals are distinguished at the ARF promoter remains unclear (Zindy et al., 2003; Aslanian et al., 2004) . Thus, the p53 tumour suppressor gene is mutated in more than 50% of human cancers, and mutations in other genes that affect p53 function/activation, for example, ARF, occur in many, if not all, tumors that retain wild-type p53 (Sherr and McCormick, 2002) . Viruses encode proteins that prevent premature apoptosis, aborting their productive replication in infected cells (Figure 2 ). Many viruses encode proteins that inactivate members of the TNF family of receptors . For example, the adenovirus E3-RID complex mediates the internalization and lysosomal degradation of Fas and Trail receptors (Tollefson et al., 1998 (Tollefson et al., , 2001 ). This may be necessary to avoid cell death triggered by immune surveillance, or sensitization to TNF-induced cell death by viral oncogenes such as E1A, which downregulates Flip, a negative regulator of TNF receptor signaling (Perez and White, 2003) . Poxviruses encode caspase inhibitory serpins or viral FLICE inhibitors as well as soluble TNF receptors, and several DNA viruses encode functional homologs of antiapoptotic BCL-2 family members, for example, adenovirus E1B-19K, the herpes viruses Epstein-Barr BHRF1 and HHV8 v-BCL-2 (reviewed in Cuconati and White, 2002) .
In addition, many DNA viruses encode proteins that bind and inactivate p53 through a variety of mechanisms (O'Shea and Fried, 2005) . Indeed, p53 was first identified as a cellular protein that interacted with SV40 LT (Lane and Crawford, 1979; Linzer and Levine, 1979) . Adenovirus encodes two viral proteins, E1B-55K and E4-ORF6, that form a complex and, together with cellular proteins involved in ubiquitination, bind and degrade p53 (Querido et al., 1997 (Querido et al., , 2001 Harada and Berk, 1999) . The HPV E6 protein degrades p53 by binding to both p53 and the cellular E3 ubiquitin ligase, E6AP. While E6AP does not normally function to degrade p53, HPV E6 recruits and redirects E6-AP's ubiquitin ligase activity to target p53 (Scheffner et al., 1990 (Scheffner et al., , 1992 Huibregtse et al., 1991) . Recently, E6 has also been shown to repress p53-activated transcription, independently of E6-AP-mediated p53 degradation, via inhibition of p300-mediated acetylation (Thomas and Chiang, 2005) . In contrast to the other small DNA viruses, mouse polyoma virus inactivates p53 indirectly, by inhibiting ARF-mediated induction of p53. The PyST PP2A is required to prevent ARF-mediated activation of p53, perhaps indicating a previously unrecognized role for PP2A in regulating the ARFp53 tumor suppressor pathway (Moule et al., 2004) . In addition, the herpes virus 8 protein LANA has been linked to p53 transcriptional inactivation (Friborg et al., 1999) . Thus, disparate DNA viruses have functionally converged to encode proteins that bind and inactivate p53, underscoring the importance of the p53 tumor suppressor pathway in monitoring normal cell growth and DNA replication.
Forever young -abrogating the senescence program
In addition to apoptosis, the induction of cellular senescence could also thwart aberrant replication. Cellular senescence is characterized by a permanent irreversible cell-cycle arrest (distinct from the reversible cell-cycle arrest in quiescent cells), and specific changes both in the morphology of the cell and epigenetic status of its chromatin. Senescence results from the natural erosion of telomeres in progressive cell divisions (replicative senescence), but can also occur independently of the latter in response to oncogenic or genotoxic stress. In vitro, the cell-cycle arrest associated with cellular senescence can be triggered via the induction of p16/ARF by activated oncogenes, such as Ras, and has, therefore, been proposed as a tumor suppressor mechanism that guards against malignant transformation (Campisi, 2005) . Nevertheless, whether oncogene induced senescence is a bona fide tumor suppressor mechanism remains contentious as it has yet to be definitively observed in vivo. However, there is little doubt that human cells undergo replicative senescence, as in every cell cycle 50-100 base pairs are lost from the telomeric ends of chromosomes. Ultimately, as cells age, the progressive shortening of telomeres can lead to end-to-end chromosomal fusions, a crisis that prevents their further replication.
In contrast to primary cells, tumor cells evolve to become the insidious 'Dorian Greys' within the body, impervious to senescence and with seemingly limitless replicative potential. Since the induction of p16/ARF can elicit RB/p53-mediated cell-cycle arrest, it is perhaps unsurprising that their inactivation in tumor cells is thought to play a key role in disabling the normal senescence program (Lowe and Sherr, 2003) . The PML tumor suppressor, first identified as the translocation partner of RARa in promyelocytic leukemia (de The et al., 1990) , has also been implicated in the senescence program (Pearson et al., 2000; Bischof et al., 2002) . Moreover, telomere shortening and replicative senescence is prevented in tumor cells by either the direct upregulation of telomerase (hTERT) (Kyo and Inoue, 2002) or through an alternative pathway that involves recombination-based interchromosomal exchanges (Bryan et al., 1995) .
In that viruses encode proteins which inactivate the RB/p53 checkpoints, they interfere with the senescence program. For example, suppressing either HPV E6-or E7-mediated inactivation of the p53 and RB checkpoints, respectively, triggers the rapid senescence of HeLa cervical carcinoma cells (Horner et al., 2004; Psyrri et al., 2004) . E1A overrides oncogene-induced senescence by inactivating RB, as well as by preventing the formation of senescence-associated repressive heterochromatin structures, through its interaction with chromatin remodeling factors, such as p300/p400 (Narita et al., 2003) . Similarly, HPV E7 also circumvents PML-induced senescence independently of its binding/ inactivation of RB (Bischof et al., 2005) . Indeed, many viruses encode proteins that disrupt components of the PML bodies, including adenovirus E4-ORF3, HSV-ICPO, CMV-IE1/IE2 and HTLV tax (reviewed in Everett, 2001 ). Moreover, the HPV E6/E6-AP complex, in addition to degrading p53, also induces the transcriptional upregulation of hTERT, which requires an intact myc/USF E-box in the hTERT promoter (McMurray and McCance, 2003; Veldman et al., 2003) . Recent studies with E6 led to the identification of NFX1-91 as a novel hTERT transcriptional repressor that is targeted for degradation by the E6/E6-AP complex (Gewin et al., 2004) . In addition, SV40 ST and herpes virus 8 LANA have also been reported to induce telomerase activity (Foddis et al., 2002; Yuan et al., 2002; Verma et al., 2004) . Whether such viral proteins' functions act to facilitate viral replication irrespective of cellular/ organismal age is a matter for conjecture. It is more likely that the ability of viral proteins to break senescence is an example of evolutionary exaptation, that is a property they have acquired but evolved for an entirely distinct function. Notwithstanding, this does not undermine their utility as tools with which to identify critical modulators of cellular senescence.
'O What a tangled Web We Weave (W.W.W.)y As is apparent from even the redacted set of examples discussed above, a tumor-like state is the sum of a number of mutations/viral proteins affecting cellular pathways that are integrated within highly complex networks (Figure 1 ). The convergence of the viral and tumor cell programs suggests that the design of cellular networks may constrain the number of strategies by which it is possible to engender aberrant DNA replication, channeling their evolution. What is the nature of cellular networks then? And would understanding the interplay of cellular networks in the dynamics of viral replication provide us with a key tool to affect, or ablate, the pathological rewiring that is acquired in tumorigenesis?
Recent advances in the theory of networks biology provides a conceptual and mathematical framework with which to study the 'network of networks' that determine the behavior of the cell (reviewed in Barabasi and Oltvai, 2004) . At an abstract level, the components of cellular pathways are reduced to a series of nodes that are connected by links, with each link representing the interaction between two components. The nodes and links together form a network. If biological networks were random, then on average each node would have the same average number of links. However, biological networks are nonrandom, in that some nodes are hubs with a tremendously large number of links to other nodes. For example, in the protein interaction network in yeast, the majority of proteins interact with only one or two others, but a few are hubs and interact with a large number (Yook et al., 2004) . In this sense, the network appears to have no scale and is often termed 'scale free'. The architectural features and hubs apparent in cellular networks are shared by other complex networks such as the world wide web and computers.
The existence of cellular hubs is explained by a network's evolution (Barabasi and Albert, 1999) . In protein interaction networks, evolutionarily older proteins generally have more links than their younger counterparts (Wagner, 2003) . In addition, all nodes are not equal. Preferential attachment, or the principle of 'it's not what you know but who you know', also explains the existence of hubs; the evolution and natural selection of gene duplication events is more likely to occur at highly connected nodes (Eisenberg and Levanon, 2003) . This inhomogenous wiring of biological networks has far-reaching implications for understanding cellular functions. Since the majority of nodes are not hubs, it means that the random failure/mutation of a large number of nodes can be tolerated without affecting the overall functioning or interconnectivity of the cellular network as a whole. However, such error tolerance comes at a high price and makes biological networks extremely vulnerable to concerted attacks that select and remove the hubs which maintain the networks connectivity (Albert et al., 2000) . The latter are all characteristics of a virus and, I would suggest, the selection of mutations that occur in the evolution of a tumor.
Viruses -identifying the hubs in the tumor cell program or 'it takes one to know one' However, neither cancer biologists nor clinicians need network theorists to predict what they have already proven to be only all too true in practice: that targeting any one malfunctioning node in cancer is unlikely to be effective. This is because cellular hubs are embedded in a web of overlapping, and hence often redundant, networks. For example, from the model depicted in Figure 1 , drugs that inhibit PI3-kinase might be conjectured to have limited efficacy in tumor cells with additional mutations in RB, Ras, p53, etc. The hope then lies in the prediction that a combined attack on 2-3 well-chosen hubs (Albert et al., 2000) that destroy the diseased networks connectivity would crash the tumor cell program. But what combination of targets will be effective? Thus, while we may have identified many of the critical players in tumorigenesis, a major challenge is to understand how they interact in the pathological program. For this, we need a system in which to query the network dynamics of deregulated growth. Mouse models are one such system and have provided many valuable insights. However, it is not practical to look at spontaneous naturally occurring tumors in mice. Therefore, the conditions for tumorigenesis are artificially imposed to resemble lesions that can occur in human tumors, but, unfortunately, may not reflect the context in which they naturally arise. Often, there is an extended Viruses -seeking and destroying the tumor program CC O'Shea latency period, in which additional mutations necessary to elicit the neoplastic phenotype are acquired. In addition, it is literally the nature of the beast that makes it difficult to determine a priori the molecular network dynamics of, for example, loss of p53 and activated Ras, other than to know that together they 'can' give rise to tumors. Historically, some of our first insights into the links, or cooperation, between oncogene and tumor-suppressor pathways came from rodent cell transformation assays with combinations of cellular and DNA viral oncogenes (Rassoulzadegan et al., 1982; Land et al., 1983; Ruley, 1983) . Indeed, human cellular transformation has not been achieved in the absence of viral proteins, which continue to provide fundamental insights (see Ahuja et al., 2005; Arroyo and Hahn, 2005) . Obviously, such assays do not reflect the natural context in which the growth-deregulating properties of viral proteins arose, or indeed interact. However, understanding the requirements for early viral proteins, and the cellular pathways they co-opt/perturb, in infected quiescent primary cells is a natural biological system that could be exploited to map the network dynamics of aberrant replication.
The systems biology of DNA viruses could offer a number of insights for tumor biology/therapy. Many viruses replicate in diverse primary cell types, and therefore must encode a universal growth deregulation program that operates regardless of any tissue-specific wiring differences. Thus, the cellular network perturbations engendered by such viruses are likely to be applicable to tumors of diverse tissue origins. As noted above, viruses target hubs. Therefore, viral proteins are biochemical probes that can identify critical cellular players, as evidenced by the discovery of p53 through its interaction with SV40 LT (Lane and Crawford, 1979; Linzer and Levine, 1979) . Relatively simple viral genetics can then be used to map the interdependence of viral proteins, and by inference the cellular pathways they co-opt, in driving aberrant replication in primary cells. For example, is there a combination of viral proteins/cellular functions that upon inhibition prevents DNA replication, or triggers apoptosis, in virally infected primary cells? This is akin to 'synthetic lethal' screens in yeast that have been proposed for identifying drug combinations that prevent DNA replication (Hartwell et al., 1997) , but which could be used directly in primary human cells. Moreover, a detailed molecular understanding of the viral program is also of paramount importance for the development of effective oncolytic viral strategies. Therefore, for the remainder of this review, I will illustrate some of these potential applications with particular reference to the adenoviral program.
Adenovirus -a pleiotropic growth deregulation program
Human adenovirus subgroup C replicates in a broad array of human cell types, and with a genome of approximately 36 kb occupies a relative 'sweet spot' in terms of the number of viral genes versus the complexity of the proteins that such genes encode (33-36). Adenovirus encodes a number of early viral proteins (Table 1) , ostensibly to drive infected quiescent primary cells into unscheduled replication, while simultaneously preventing premature apoptosis. The E1 proteins include E1A, E1B-55K and E1B-19K (discussed by Berk, 2005) . E1A is the master regulator of the adenoviral program, and activates the transcription of the other early viral genes, as well as the critical E2F Sphase transcriptional program. As discussed previously, E1A uses an LXCXE motif to bind and inactivate the tumor suppressor proteins p107, p130 and RB (Helt and Galloway, 2003) . In addition, E1A binds to chromatin remodeling factors such as the HATs p300/CBP (Whyte et al., 1989) and the p400/TRRAP complex (Fuchs et al., 2001) .
Adenovirus E1B-55K and E4-ORF6, together with cellular proteins involved in ubiquitination, bind and degrade the tumor suppressor p53 (Querido et al., 1997 (Querido et al., , 2001 Harada and Berk, 1999) . However, even in the absence of E4-ORF6, E1B-55K is a dominant transcriptional repressor of p53 (Martin and Berk, 1999) . The E1B-55K/E4-ORF6 complex also degrades Mre11 (Stracker et al., 2002) , which accumulates at the sites of double-strand DNA breaks triggering a DNA damage/repair response. Viral genomes are recognized by the DNA damage/repair machinery in the cell due to either their unusual DNA structures/intermediates or the replication of naked double-stranded DNA termini (Weitzman et al., 2004) . Thus, E1B-55K/E4-ORF6-mediated degradation of Mre11 prevents the 'repair' and end-joining of viral genomes, together with the downstream activation of ATM (discussed by Weitzman and Ornelles, 2005) . Adenovirus E1B-19K is a functional homolog of the antiapoptotic cellular BCL-2 family of proteins, but an even more potent inhibitor of cell death (reviewed in Cuconati and White, 2002) .
Surely then, adenovirus E1 proteins that together inactivate p53, RB and Bax/Bak are all that is required to invoke unscheduled DNA replication in quiescent primary cells (Figure 2 ). Why then does adenovirus encode additional early viral proteins, such as the E4 gene products, without which its replication is highly defective (Halbert et al., 1985; Weinberg and Ketner, 1986; Yoder and Berget, 1986) ? No doubt, one of the answers is that such proteins counter cellular antiviral responses (Weitzman and Ornelles, 2005) . In addition, E4 proteins themselves promote aberrant replication. Understanding the requirements for these other early viral proteins, their cooperation in cellular networks disrupted for p53/RB/apoptosis functions by E1 proteins, is therefore, a fertile strategy to identify novel cellular pathways critical for cell growth that may also be disrupted in tumor cells. In a recent study , we applied such a principle to try to gain new insights into the regulation of protein translation and nutrient/growth factor signaling pathways to mTOR, an emerging and important tumor target (Inoki et al., 2005) . , which stimulates the translation of mRNAs with a high degree of secondary structure in their 5 0 untranslated regions, including that of many important growth-regulatory messages. Examples of mTOR-regulated mRNAs include cyclin D1 (MuiseHelmericks et al., 1998), ornithine decarboxylase (Seidel and Ragan, 1997) and c-myc (West et al., 1998) . In this way, mTOR activation is thought to serve as an important checkpoint for normal cell growth (Avruch et al., 2005) . We found that adenovirus bypasses a nutrient/growth factor checkpoint for protein translation in infected primary cells (O'Shea C et al., 2005a) and encodes two early viral proteins, E4-ORF1 and E4-ORF4, which stimulate mTOR activity in distinct but complementary ways (O'Shea et al., 2005). E4-ORF1 had previously been identified as a potent activator of PI3-kinase (Frese et al., 2003) , and mimics growth factor signaling to mTOR. However, surprisingly, an E4-ORF1 mutant virus that fails to activate PI3-kinase still stimulates mTOR activity, in infected primary cells. This led us to find that E4-ORF4, which binds and modulates PP2A (Branton and Roopchand, 2001 ), substitutes for glucose-mediated signaling to mTOR . Recently, deregulated nutrient signaling pathways have been implicated in tumorigenesis. In the inherited cancer predisposition syndrome Peutz-Jeghers' disease, inactivating mutations in LKB result in constitutive mTOR activation, even upon nutrient withdrawal (Shaw et al., 2004) . Interestingly, PP2A A subunit mutations and B56g downregulation have been found in a subset of human tumors (Wang et al., 1998; Calin et al., 2000; Ito et al., 2003) . Thus, E4-ORF4 is a unique tool with which to identify novel cellular targets and a potential role for PP2A in the nutrient signaling pathway to mTOR and cancer.
The E4 region also encodes E4-ORF2, E4-ORF3, E4-ORF6 and E4-ORF6/7. As of yet, there is no known function of E4-ORF2. E4-ORF6 works in a complex with E1B-55K to degrade p53 and Mre11, as discussed above. Recently, E4-ORF6 has also been shown to exert effects independently of E1B-55K in inhibiting the cellular DNA damage/repair pathway (Hart et al., 2005) . As well as E4-ORF6/E1B-55K-mediated degradation of Mre11, adenovirus encodes another protein, E4-ORF3, which inactivates the Mre11 signaling pathway through a novel mechanism. In addition, E4-ORF3 disrupts the PML nuclear bodies (Doucas et al., 1996) , an event also mitigated by the PML-RARa chromosomal translocation product, which is believed to play a causal role in acute promyelocytic leukemia. The molecular mechanisms underlying E4-ORF3's functions could provide novel insights into tumor cell lesions in PML and the DNA damage-signaling pathway. Finally, E4-ORF6/7 promotes the heterodimerization and activation of the E2F family of transcription factors (Neill and Nevins, 1991; Helin and Harlow, 1994) , and can functionally compensate for E1A-mediated inactivation of RB in adenovirus infected cells (O'Connor and Hearing, 2000) . This in turn begs the question as to whether there is a functional equivalent of E4-ORF6/7 in tumor cells. (2003); (2) The E3 viral genes encode immunomodulatory proteins that are dispensable for adenovirus replication in vitro. E3-gp19k binds and retains MHC-class I in the endoplasmic reticulum to abrogate cytotoxic T-cellmediated killing of adenoviral infected cells (Andersson et al., 1985) . MHC-class I downregulation is also associated with the escape of tumor cells from immune surveillance mechanisms. In addition, as noted above, the adenovirus RID complex comprising the E3R1Da and b proteins provokes the lysosomal degradation of the Fas and Trail death receptors to abrogate apoptosis (Tollefson et al., 1998 (Tollefson et al., , 2001 .
Putting oncolytic viral therapies in context
Taken together, the known functions of adenoviral early proteins include: inactivation of the tumor suppressors RB, p107, p130, p53; abrogation of DNA damage signaling; inhibition of apoptosis through both the intrinsic and extrinsic death pathways; activation of oncogenic nutrient/growth factor signaling pathways to PI3-kinase/mTOR; deregulated PP2A signaling, a critical target in human transformation assays (discussed by Arroyo and Hahn, 2005) ; modulation of transcription through chromatin remodeling factors and E2F and disruption of PML nuclear bodies. In the face of such a concerted attack on cellular hubs (Figure 2) , it is little wonder that adenovirus overrides all the multiple checkpoints embedded in cellular networks to induce a 'tumor-like' state in quiescent primary epithelial cells within 24-36 h post-infection. Consequently, crippling any single early viral protein/cellular hub interaction might be predicted to have a limited impact on replication. Indeed, this has been the experience in the development of oncolytic viral therapies, two examples of which I discuss below.
ONYX-411-E2F selective oncolytic viral therapy
There are three main strategies that are being used to develop adenoviruses as agents that undergo selective lytic replication in tumor cells: the complementation of viral mutants by tumor cell mutations, transcriptional retargeting and transductional retargeting, each of which is reviewed in this issue of Oncogene (see Ko et al., 2005; Mathis et al., 2005; McCormick, 2005) . The first strategy exploits the functional overlap between DNA viral proteins and tumor cell mutations. For example, adenoviral mutants that fail to disrupt critical cellular checkpoints such as, RB, would be predicted to be defective for their replication in normal cells, but undergo selective replication in tumor cells that have inactivated the RB pathway. Thus, an adenovirus mutant, dl922/47 (Whyte et al., 1989) , which encodes an E1A mutant protein (DLXCXE) that fails to bind and inactivate RB, was expected to be an oncolytic viral therapy for RB mutant tumor cells. However, dl922/47 induces S-phase entry, viral DNA replication and late protein expression similar to that of wild-type virus in quiescent primary epithelial cells (Johnson et al., 2002) . This may seem surprising given the prevailing RBcentric view of cell-cycle entry. However, it is entirely consistent with cell-cycle entry occurring as a result of the integration of multiple cellular pathways that crosstalk, or bypass each other, in the molecular circuitry of the cell. To create an RB mutant-tumor selective virus, ONYX-411, required the use of an E2F promoter to transcriptionally regulate E1A (DLXCXE RB mutant), as well as the E4 genes (Johnson et al., 2002) . This is because the expression of the E4 genes, even in the absence of E1A, engendered viral replication in primary cells. ONYX-411 fails to replicate in primary cells, but undergoes selective lytic replication in tumor cells that have deregulated E2F, and its promise as a therapeutic agent is discussed further by (Ko et al., 2005; McCormick, 2005) .
Nevertheless, there are some concerns that the presence of cellular DNA sequences in oncolytic viral vectors may promote potentially dangerous recombination events between viral and host DNA. In addition, promoter modifications to the E4 region result in more genetically unstable adenoviruses that make them less suitable from a manufacturing/clinical perspective (reviewed by Working et al., 2005) . Thus, identifying, and ablating, the E4 gene functions that stimulate S-phase entry would be an alternative strategy by which to achieve the selectivity of ONYX-411 in the absence of promoter modifications to the E4 region. One candidate for such a role is E4-ORF6/7, which dimerizes and activates E2F transcription factors (Neill and Nevins, 1991; Helin and Harlow, 1994; O'Connor and Hearing, 2000) . An alternative candidate is E4-ORF4. Recently we found that an E4-ORF4 mutant virus, which fails to activate mTOR and its downstream target p70 S6K , resulted in delayed S-phase entry in quiescent primary cells, despite the induction of E2F transcriptional targets . A requirement for p70 S6K activation in S-phase entry has previously been demonstrated (Lane et al., 1993) , and rapamycin is known to arrest cells in the G1 phase of the cell cycle (Huang et al., 2001) . Our favored hypothesis is that E4-ORF4-mediated activation of mTOR regulates the translation, much like E2F regulates the transcription of a panel of mRNAs important for the onset of DNA synthesis (Bracken et al., 2004) . Some of the chemotherapeutic agents commonly used in the clinic target E2F transcriptional targets, for example, 5-fluorouracil and thymidylate synthetase. Therefore, identifying whether there are critical mRNAs that are translationally regulated for cell-cycle entry could uncover novel cellular targets for cancer drug development. Infection of primary cells with a DE4-ORF4 mutant adenovirus, which readily distinguishes between E2F and mTOR activation in the onset of aberrant DNA replication, may be a novel strategy with which to elucidate such targets.
dl1520/ONYX-015 oncolytic therapy
The prototype for oncolytic adenoviral therapy is dl1520/ONYX-015, a mutant that lacks the E1B-55K
Viruses -seeking and destroying the tumor program CC O'Shea gene product and, therefore, fails to degrade p53 in infected cells (Barker and Berk, 1987; Bischoff et al., 1996) . ONYX-015 was expected to be restricted by p53 in normal cells, but undergo selective lytic replication in p53-deficient tumor cells. Consistent with this, ONYX-015 replication is attenuated in primary cells, but replicates to wild-type virus levels in many tumor cell lines. On this basis, ONYX-015 entered phase I and II clinical trials, where it was shown to be safe with evidence of promising clinical activity from several indications Kirn, 2001; Reid et al., 2002; Ries and Korn, 2002; Rudin et al., 2003) . Nevertheless, ONYX-015 has yet to be evaluated in phase III clinical trials and, therefore, remains an unproven therapy. Two major factors that stalled the further clinical evaluation of ONYX-015 were the controversy surrounding its p53 tumor selectivity together with its variable tumor cell replication (Goodrum and Ornelles, 1998; Hall et al., 1998; Rothmann et al., 1998; Harada and Berk, 1999; Turnell et al., 1999; Nemunaitis et al., 2000; Ries et al., 2000; Hann and Balmain, 2003; McCormick, 2003) . Recently, the role of p53 in determining ONYX-015 tumor selectivity has been resolved. In ONYX-015 infected cells, p53 is induced, but not activated, and therefore plays a minimal role in limiting viral replication, at least in vitro (Hobom and O'Shea C et al., 2004) . In addition to its role in p53 degradation, E1B-55K has late functions that include the preferential export and translation of late viral mRNAs, both necessary events for a productive viral infection (Babiss et al., 1985; Pilder et al., 1986; Leppard and Shenk, 1989) . Recently, using a novel adenovirus mutant, ONYX-053, which distinguishes between E1B-55K-mediated p53 inactivation and late functions (Shen et al., 2001) , it was demonstrated that differential late viral RNA export in tumor versus normal cells is the major determinant of ONYX-015 oncolytic selectivity (O'Shea C et al., 2004) . Permissive tumor cells that support ONYX-015 replication export late viral RNAs in the absence of E1B-55K, a propensity not shared by primary cells (O'Shea C et al., 2004) .
Thus, altered RNA export is an unexpected tumor cell property that is selectively targeted by ONYX-015 cancer therapy. Unfortunately, not all patients' tumors respond to ONYX-015 therapy. In contrast to permissive tumor cell lines, refractory tumor cells fail to provide the late functions of E1B-55K in the selective export and/or translation of capsid RNAs, such as fiber and hexon Ornelles, 1998, 1999; Harada and Berk, 1999; O'Shea C et al., 2005b) , as well as 100K RNA (O'Shea C et al., 2005b) . The 100K protein acts downstream of E1B-55K to inhibit cellular translation by displacing mnk from eIF-4G, while binding to the 5 0 UTR of late viral RNAs to drive their selective translation (Hayes et al., 1990; Cuesta et al., 2004) . Late viral RNAs share a common 5 0 UTR that plays an important role in facilitating both their translation and export in adenovirus-infected cells (Yueh and Schneider, 1996; Huang and Flint, 1998) . The 5 0 UTR of late adenoviral mRNAs shares significant structural homology with the 5 0 UTR of mammalian Hsp70 mRNA, which underlies their selective translation via a common ribosome shunting mechanism in a cellular heat shock response, or viral infection, respectively (Yueh and Schneider, 2000) . In many ways, the cellular response to heat shock resembles the late stages of adenovirus infection; the translation of cellular mRNAs is inhibited, while heat shock mRNAs are preferentially translated. dl1520/ONYX-015 is known to be a 'cold sensitive' virus, exhibiting defective late protein translation and replication in tumor cells incubated at 321C (Ho et al., 1982; Leppard and Shenk, 1989; Harada and Berk, 1999) . Recently, we examined if this might instead be a 'heat-dependency' phenotype, and if heat shock could rescue ONYX-015 late viral protein expression in resistant tumor cell lines. The induction of a heat shock response, by incubation at 39.41C, rescues late viral RNA export/translation and renders refractory tumor cells permissive to ONYX-015 oncolytic replication (O'Shea C et al., 2005b) . This suggests that heat shock and late viral RNAs may impinge on a common molecular mechanism, not only for their translation but also their nuclear export, which is deregulated in many tumor cells. Fortuitously, but for unknown reasons, heat shock inhibits both wild-type and ONYX-015 viral replication in normal cells (O'Shea C et al., 2005b) . Indeed, febrile responses have recently been proposed as a factor that may have significantly affected the clinical outcome of ONYX-015 therapy (Thorne et al., 2005) . Thus, agents that elicit a cellular heat shock response could have a major impact on the efficacy of ONYX-015 as a cancer therapy, which has important clinical applications.
Nevertheless, the potential for, or the promise of, a p53-selective oncolytic virus remains to be realized. Loss of E1B-55K induces the levels but not the activity of p53 in adenovirus-infected cells (Hobom and Dobbelstein, 2004; O'Shea C et al., 2004) , suggesting that p53 is suppressed through an additional mechanism. One candidate for such a role is E4-ORF6, the binding partner of E1B-55K that has also been shown to interact with p53 (Dobner et al., 1996) . However, viral mutants with compound mutations in E1B-55K and E4-ORF6 also fail to induce p53 transcriptional targets (Hobom and Dobbelstein, 2004 ). An alternative candidate is E1A, which binds to p300 (Chiou and White, 1997; Thomas and White, 1998) , a coactivator for p53-mediated transcription (Espinosa and Emerson, 2001 ). However, an E1A Dp300/DE1B-55K adenovirus mutant fails to activate p53 in infected primary cells (O'Shea C et al., 2004) . Even so, E1A modulates cellular transcription in multiple ways, as discussed by Berk in this issue. Alternatively, an additional signal, for example, DNA damage, may be required to activate p53 in ONYX-015-infected cells. UV/g irradiation fails to induce p53 transcriptional targets in ONYX-015-infected cells, indicating that p53 activity is dominantly suppressed (unpublished data). However, E4-ORF3 may inhibit DNA damage/repair signaling (Stracker et al., 2002) to p53. Understanding the mechanism(s) whereby adenovirus inactivates p53 could provide new therapeutic Historically, much of what we do know is derived from studies in tumor cell lines, such as HPV-transformed HeLa. However, the profound overlap between the tumor and viral programs implies that cancer cell lines may complement, and thereby inadvertently mask, critical viral functions. The tropism for subgroup C adenoviruses is thought to be nonciliated respiratory epithelial cells, the majority of which are in a quiescent G0 phase of the cell cycle within the human body. As evidenced by the above examples, understanding the requisite role of adenovirus proteins for viral replication in the natural context of primary cells, together with the potentially applied context of tumor cells, is of paramount importance for the rational design of the next generation of oncolytic viral therapies.
Systematically exploiting adenovirus to discover novel tumor targets and therapies
While we may not yet understand why adenovirus has evolved multiple mechanisms to disrupt specific cellular checkpoints, it is reasonable to assume that this is because all pivotal growth-regulating checkpoints are embedded in a web of redundant and integrated cellular processes, each of which must be perturbed. A major question then is whether tumor cells also reflect the inherent complexity of a 'simple' adenovirus. Certainly, tumor cells deregulate many of the same pathways, as discussed previously. However, it is a daunting prospect to consider how we would treat a tumor with the pleiotropic growth deregulation that is engendered in adenoviral infected cells. Thus, we can hope that the adenoviral program is 'overkill'. After all, adenovirus encodes multiple redundant proteins to activate E2F and mTOR, and inactivate apoptosis and DNA damage signaling. However, genetic redundancy is not usually a feature that is accommodated in the evolution of a minimal viral genome, but instead is likely to reflect the necessity of perturbing overlapping cellular networks with multifarious feed-back/-forward loops. It is the very same cellular network that is disrupted in both human tumors and adenoviral infection. Rather than 'hope', better perhaps to assume that the adenovirus program is at least a worse case scenario for many aspects of growth deregulation in tumor cells, for in this assumption lies a powerful prediction, which is that by finding the correct combination of viral proteins/cellular targets that selectively prevents the aberrant replication engendered by adenovirus infection, we might also discover efficacious combination tumor therapies. Using genetics we could approach such a task with humility, deferring to the virus to tell us the necessary combinations for novel and efficacious cancer therapies. While it is beyond the scope of this review to describe such a strategy, the principle is similar to 'synthetic lethal' screens in yeast for the identification cellular target/drug combinations that prevent DNA replication (Hartwell et al., 1997) .
Furthermore, establishing whether tumor cells complement the replication of viral mutants is in itself a simple way to discover novel tumor targets. For example, studies with the E1B-55K deleted dl1520/ ONYX-15 have revealed altered RNA export in tumor cells as a novel therapeutically exploitable target (O'Shea C et al., 2004) . Clearly, the ability to export late adenoviral RNAs would be of no selective advantage to tumor cells per se. Therefore, this unexpected tumor property is likely to be an example of exaptation. This would infer that late viral RNAs may share a molecular resemblance with RNAs important for cell growth or tumorigenesis. As noted above, Hsp70, 18S rRNA and late viral RNAs have structurally similar 5 0 UTRs (Yueh and Schneider, 2000) , and heat shock rescues the translation and export of late viral RNAs in ONYX-015-infected resistant tumor cell lines (O'Shea C et al., 2005b) . The upregulation of Hsps in tumor cells is well documented and is considered a promising tumor target (Jolly and Morimoto, 2000) . Therefore, it is intriguing to speculate that permissive tumor cells may constitutively upregulate Hsps via posttranscriptional mechanisms, rendering them permissive to ONYX-015 oncolytic therapy. Such effects could be mediated via increased RNA export and/or translation. Indeed, in some tumor cell lines, translation rather than RNA export may be the major determinant (Harada and Berk, 1999) , and the cell cycle may also exert important context-dependent effects Ornelles, 1997, 1999) . Notwithstanding, determining the molecular mechanisms underlying ONYX-015 oncolysis has important implications for our understanding of tumorigenesis as well as the development of novel cancer therapies. Indeed, this is becoming a recurring theme in the development of oncolytic viruses. The oncolytic selectivity of HSV-1 g34.5 mutants, VSV and reovirus is for tumor cells that have deregulated interferon/PKR/Ras-mediated effects on viral RNA translation, again an unanticipated tumor property that is a novel therapeutic target (see Barber, 2005; Mohr, 2005; Shmulevitz et al., 2005) .
It is also interesting to consider that the 'worse case scenario' adenovirus growth deregulation program may be the 'best case scenario' in which to discover broadly efficacious cancer therapies. For example, PI3-kinase is an appealing target for cancer therapy. However, to date, no PI3-kinase inhibitors have been approved, in part due to limiting toxicity, associated with the inhibition of PI3-kinase in many normal cellular functions, such as glucose metabolism. An alternative strategy is to develop drugs that inhibit the critical downstream targets of PI3-kinase in tumorigenesis. But what are the critical targets of PI3-kinase in a tumor cell program that disrupts multiple cellular networks? For example, as illustrated in Figure 1 , PI3-kinase inactivates the p27 cyclin-cdk inhibitor and proapoptotic Bad protein (via Akt), suggesting that the latter may be useful drug targets in PTEN mutant tumor cells. However, inhibiting PI3-kinase-mediated effects on p27 or Bad are likely to be of limited therapeutic value in tumor cells that have also deregulated RB or BCL-2. Could we use adenovirus then as a system in which to determine what it is that E4-ORF1-mediated activation of PI3-kinase 'does' that inactivation of RB and Bax/Bak by E1A and E1B-19K fail to do, in eliciting aberrant replication in infected primary cells? In essence, adenovirus infection may not only be a useful system in which to plot the dynamics of growth deregulation, but also to identify the Achilles hub(s) within the tumor program.
Late viral functions -lytic drug opportunities and combination therapies
The similarities between the tumor and viral programs have provided fundamental insights into tumor biology, and, as discussed above, is a paradigm that could be exploited for the development of novel cancer therapies. However, the analogy, and hence the utility, only stretches so far. Clearly, the study of DNA viruses is unlikely to increase our understanding of tumor cell angiogenesis or metastasis. However, it may not be necessary to target every diseased hub, just critical combinations that destroy the pathological program (Albert et al., 2000) . Obviously, viruses also have distinct properties that do not extend to tumor cells, such as late viral functions (post-DNA replication) in viral DNA encapsidation and virion maturation.
However, understanding late viral functions is not necessarily without application or interest for tumor biology and therapy. Indeed, although adenovirus induces a rapid tumor-like state in infected primary cells, it nonetheless succeeds in lysing such cells to release mature virions. In essence, adenovirus solves the dilemma as to how to kill the tumor program. The solution to the viral dilemma may be the drug opportunity of which many oncologists dream. What are the late viral proteins/functions that elicit the lysis of the host cell? The E3 11.6K protein, or adenoviral death protein (ADP), is expressed late, and plays a key role in the lysis of infected cells (Tollefson et al., 1996) . It is a nuclear membrane/Golgi glycoprotein that is thought to trigger lytic death via its cytoplasmic tail (Tollefson et al., 2003) , although the precise molecular mechanisms remain to be elucidated. In addition to its early functions discussed previously, E4-ORF4 also plays a late role in the death of adenovirus-infected cells (Marcellus et al., 1998) . How can E4-ORF4 have such diametrically opposed functions in promoting both DNA replication and cell death? The answer is likely to be that these functions of E4-ORF4 are not affected simultaneously, but are temporally regulated by either other early/late viral proteins or differences in cellular effectors/substrates at the early, G0/G1, versus late, G2/M, phase of the cell-cycle/viral infection. Interestingly, ectopic expression of E4-ORF4 has been shown to selectively kill tumor cells, suggesting its use as a novel cancer therapy (Shtrichman et al., 1999; Branton and Roopchand, 2001) . Understanding the molecular mechanisms whereby adenoviral late proteins affect the death of infected cells is, therefore, a novel platform for the development of cytolytic drugs for the treatment of cancer.
The rational identification of drugs that phenocopy late viral functions is not without precedent. As noted above, elevated temperatures rescue E1B-55K late functions and selectively sensitize refractory tumor cells to ONYX-015 oncolytic viral therapy (O'Shea C et al., 2005b) . This suggested that drugs which elicit a cellular heat shock response might be a powerful therapeutic combination with ONYX-015. Geldanamycin and 17-AAG, which inhibit Hsp90, trigger a cellular heat shock response (Hegde et al., 1995) and are currently undergoing clinical evaluation as cancer therapies. We found that these drugs, which can be administered systemically, rescue E1B-55K late functions and selectively sensitize refractory tumors cells to ONYX-015 oncolytic therapy (O'Shea C et al., 2005b) . Such agents could greatly augment and broaden ONYX-015's clinical utility as a cancer therapy. Moreover, this underscores the potential for rationally combining oncolytic viruses with pharmacological agents to achieve novel efficacious therapeutic modalities.
Conclusions
Taken together, studies encompassing in vitro transformation assays, mouse models, human cancer genetics and DNA viruses suggest that there is a limited and recurring repertoire of cellular hubs that must be perturbed to drive aberrant replication. The challenge then is to join the dots, to envision how together they create the tumor cell picture so that we may irrevocably erase it. To this end, adenovirus is an ideal system in which to map the complex network dynamics of pleiotropic growth deregulation. This knowledge has important applications for the discovery of novel tumor targets, as well as the rational design of oncolytic viruses and combination therapies that effectively treat patients suffering from cancer.
